Abstract-Mobile robots are used for exploration and object manipulation in hazardous environments, but in many cases human presence is still required posing a risk to the health and safety of the human operator. In order to operate fully autonomously in a completely unknown environment a mobile robot is required to both create a map of its environment and localize itself; this is known as simultaneous localization and mapping (SLAM).
INTRODUCTION
Increasingly mobile robots are being utilized to explore terrains that are unsuitable and/or unsafe for humans, such as inter-planetary and disaster zone exploration, and bomb disposal. Many of these robotics systems are not fully autonomous and require remote control from a human operator to meet their objectives, this may not always be safe or desirable.
I aim to tackle this issue by developing an autonomous mobile robot, the Autonomous Robot Retrieval System (ARRS), which uses vision data to identify, and in conjunction with simultaneous localization and mapping (SLAM), locate and collect an object that would return to its base avoiding/navigating around any obstacles in its path in an efficient manner.
The aim is for the system developed to be efficient in terms of processing and power consumption so that it reacts to environmental stimuli in a timely fashion and maximizes battery life as a suitable power supply may not be readily available in the field of operation.
The robot platform used for this work was the Lego NXT 2.0. The Lego NXT 2.0 is a small mobile robot and in comparison with many research robot platforms' computing capability the NXT intelligent control brick is very restricted in terms of memory and processing capability, focusing the development on both efficient processing and power consumption.
In the following sections I will discuss the current start of the art in robot navigation/planning and object manipulation, the hardware configuration of the ARRS and the control architecture.
The behavior implementation is still in development. The paper concludes with an evaluation of behavior implementation to date and proposed future work.
II. CURRENT STATE OF THE ART

A. Navigation, Planning and Obstacle Avoidance
Mobile robots are very susceptible to risks in their environment and sensors play a key role in navigation, planning and obstacle avoidance for mobile robots, these range from cheap and noisy sonar and video cameras to accurate and more expensive laser range finders and Global Positioning Systems [1] .
Simple obstacle avoidance behavior can be implemented through the use of sonar and/or touch sensors but navigation and planning are more difficult, both require an awareness of the robot's position and environment. The use of deadreckoning to estimate robot position and pose in its environment is inherently error prone over long distances and is therefore not solely used, commonly it is used in combination with probabilistic techniques utilizing Bayesian estimators. Examples of these techniques includes the use of stochastic maps [2] and occupancy grids [3] .
Where an environment is unknown; autonomous mobile robots are required to both localize themselves and develop a map of their environment, this problem is known as Simultaneous Localization and Mapping (SLAM). Within SLAM an area of key interest is loop-closing, recognition of a previously mapped area.
SLAM is a very active and important area in Mobile Robotics research and has been implemented in a number of ways, [4] defined four classes for these implementations, these are:
• Variants -these include Active SLAM and Multi-robot SLAM.
OpenRatSLAM [5] is an open source implementation of RatSLAM and utilizes the Robot Operating System (ROS) 978-1-4673-7606-8/15/$31.00 ©2015 IEEE framework to enable a degree of platform independence. ROS is a software framework for robot software development that enables the abstraction of hardware, message passing and software management in addition to providing middleware services. The key principles of ROS are its peer-to-peer architecture, language neutrality, decentralization and small and reusable standalone executables [6] . These principles have enabled OpenRatSLAM to be implemented in a variety of ways including a Robot C implementation for the Lego NXT by the Queensland.University of Technology.
B. Object Manipulation
The current state of the art in object manipulation is Sawyer, who has been created by Rethink Robotics. Sawyer is an industrial robot arm with 7 degrees of freedom and a 1 meter reach with a ROS-based software platform. Each joint has high-resolution force sensing embedded in it and the robot is fitted with two cameras, the first is in the head and provides a wide field of view, the second is a Cognex camera with an inbuilt light source in the wrist to enable precision movement.
Unlike static industrial robots, mobile robots executing object manipulation tasks have the additional requirement of contact avoidance with additional objects and living beings. It is also noted that for dependable object manipulation in dynamic environments, data about the environment must be collected and analyzed throughout the object manipulation process.
Most mobile robot platforms used commercially and for research are physically larger and more sophisticated than the Lego NXT. An autonomous object manipulation device of similar scale to the Lego NXT was developed in [7] . In this work the robot platform was based on the Squarebot 3 using the VEX mobile robot kit fitted with a manipulator that had been adapted from the VEXplorer claw and wrist kits. Experiments showed that the robot was successfully able to identify objects of interest and transport these to a goal.
III. PROPOSED SYSTEM DEVELOPMENT
The Lego NXT was chosen as the robot platform for this work as it was the only robot I had currently available and had some familiarity in programming. Simultaneous Localisation and Mapping (SLAM) was identified as the most appropriate approach to navigation as the ARRS will be required to plan a route back to its starting position after obtaining the object of interest. Using the Lego NXT poses a number of challenges as it has limited processing power and memory capabilities compared to many other research robots making it difficult to implement many SLAM algorithms directly.
However, OpenRatSLAM has been shown to have been implemented on a Lego NXT, the current implementation is in Robot C and utilises sonar data. My intention is to modify this implementation to utilise data from a NXTCam V.4 as the main data source.
Additionally, due to the limited number of output ports available on the Lego NXT manipulation of the object of interest will be restricted to a simple grasping action. This will cause some additional complication in positioning of the gripper and or robot for effective grasping of the object.
The main contribution of this project will be the implementation of vision-based SLAM on a small, low cost mobile robot.
A. Hardware Configuration
The Lego NXT was originally configured as per instructions issued for the 2011-2012 De Montfort University module IMAT5121 Mobile Robots. The construction has been modified to incorporate a claw and NXTCam. The claw was based upon build instructions from Carnegie Mellon University and has been centrally positioned to aid with positioning the robot with regard to the object of interest.
The robot construction has had a number of iterations, this has included experimentation with the number of wheels, size of wheels, positioning of sensors and the positioning of the claw.
B. Control Architecture
The Autonomous Robot Retrieval System (ARRS) will be required to perform a number of tasks: obstacle avoidance, simultaneous localisation and mapping, object identification, object manipulation and path planning. These tasks can be translated into behaviour modules.
As some behaviours will be required to take precedence over others, a subsumptive behaviour-based control architecture is the most appropriate for the ARRS. The behaviours will be organised as shown is 
C. Implementation
The core component of the behaviour implementation is OpenRatSLAM. As OpenRatSLAM is implemented in RobotC this was chosen as the implementation language for the ARRS.
To be able to use RobotC, the RobotC firmware was required to be installed on the NXT controller brick. Initial attempts at to utilise the NXT OpenRatSLAM implementation from the Queensland University of Technology were slow as the code base failed to compile due to a number of errors, including a very serious issue regarding static memory allocation, the program was trying to make use of more memory for variables than was available. 978-1-4673-7606-8/15/$31.00 ©2015 IEEE The decision was made to translate the RobotC code to NXC, this meant removing the RobotC firmware and reinstalling the LegoNXT firmware (version 1.31) , this was later replaced by the Enhanced-NXC firmware (NXT version 132) to enable use of certain Math functions.
NXC has more memory available for variable storage and manipulation. RobotC has a maximum of 15k bytes of memory available for all program variables. In comparison, when using NXC, running programs have a maximum of 32k bytes of memory available.
Initially attempts were made to exchange RobotC functions for corresponding NXC functions, mostly implemented via find and replace, this was not a successful strategy as there were a number of compiler errors generated by incorrect function matching for example; memset (RobotC) and ArrayInit (NXC), and path errors reported by the NXC compiler as missing semicolons.
An attempt was made to rebuild the program function by function, including re-factoring many of the data structures. This was necessary as some of the more complex, nested structures could not be understood by NXC on compilation. However, it was soon apparent that OpenRatSLAM could not be implemented on a LegoNXT as part way through the rebuild the available RAM was exhausted.
IV. NEXT STEPS
The behaviour modules identified in the control architecture are still to be implemented, these will be created in NXC. The intention is that an occupancy grid will be constructed as opposed to a full map as the robot explores its environment.
Testing will take place in a controlled environment with a controlled light source as the object of interest will be identified through colour, this will be pre-stored in the memory of the NXT-Cam V.4.
Additionally, the intention is to compare the accuracy of the occupancy grid created against a map produced via the MatLab implementation of OpenRatSLAM.
